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5 of the granule content (i.e. degranulation) of dural MCs (Dimitriadou et al., 1991; Buzzi et al., 1992) through an axonal reflex mechanism involving sensory neuropeptides, a process leading to a local sterile meningeal inflammation. While MC degranulation has been linked to the neurogenic meningeal inflammation associated with migraine, we have provided evidence for the reverse process, whereby degranulation of dural MCs promotes a prolonged state of excitation of neighboring trigeminal meningeal nociceptors, giving rise to activation of the pain pathway underlying migraine headache (Levy et al., 2007) .
Given the potential excitatory effects of MCs on meningeal nociceptors, in this study we used in vivo electrophysiological single unit recording of meningeal nociceptors in anesthetized rats to examine the potential activating and sensitizing effects of a number of MC-related inflammatory mediators. This study reports the effects of the MC-derived bioamines histamine and serotonin, the stable analogue of prostaglandin I 2 (Iloprost), prostaglandin D 2 (PGD 2 ) and the major MC leukotriene, leukotriene C 4 (LTC 4 ) (Roberts et al., 1979; Metcalfe et al., 1997) .
perform on-and off-line analyses. In all experiments, only one unit was tested in each animal.
Mechanical stimulation. Mechanical receptive fields of meningeal nociceptors were mapped initially by stroking the dura with blunt forceps. The lowest threshold point was determined using a series of calibrated von Frey monofilaments ranging from 0.39 to . Response magnitudes to mechanical stimulation were determined quantitatively, using a servo force-controlled mechanical stimulator (Aurora Scientific, Aurora, ON) fitted with a flat-ended plastic cylinder (0.5 mm diameter) aimed at the lowest threshold point on the dura. Stimulus trials for testing changes in mechanical sensitivity consisted of a graded series of three square-wave stimuli (100msec rise time, 2-sec width, 60-sec inter-stimulus interval) delivered in ascending order, which included a threshold and two suprathreshold stimuli. Stimuli that evoked 1-2 Hz afferent discharge were considered as threshold. Suprathreshold stimuli were usually 2 and 4 times greater than threshold. Such stimulus trials consisting of these 3 stimuli were then delivered repeatedly at 15 minutes intervals. This inter-trial interval was not changed once baseline testing started. A 30 sec interval preceding the threshold stimulus was used for measurement of baseline spontaneous activity. The response to each mechanical stimulus was calculated by subtracting the spontaneous firing rate from the mean firing rate during the stimulus. In all experimental protocols, baseline measurements of spontaneous and mechanically evoked activity were obtained prior to drug administration. Only units that exhibited consistent responses at all stimulus intensities in at least 3 consecutive baseline trials were tested further. These trials also served as This article has not been copyedited and formatted. The final version may differ from this version. JPET Fast Forward. Published on May 4, 2007 as DOI: 10.1124 at ASPET Journals on November 8, 2016 jpet.aspetjournals.org Downloaded from vehicle controls, because the receptive field was bathed in SIF, which was the vehicle for all drugs.
Drugs and solutions. The following drugs were used: histamine (1-1000 µM,), serotonin (5HT, 0.1-100 µM), prostaglandin D 2 (PGD 2 , (1-1000µM), the PGI 2 stable analogue Iloprost (0.1-100 µM) and leukotriene C 4 (LTC 4 , 2-200 µM). Histamine and 5HT were obtained from Sigma Aldrich (Saint Louis MO), PGD 2 from EMD Biosciences (San Diego, CA), and Iloprost and LTC 4 from Cayman Chemicals (Ann Arbor, MI). Stock solutions for all drugs were prepared by dissolving the drugs in either distilled water (histamine, 5HT) or 100% ethanol (for the eicosanoids) and kept frozen (-20°C). Drugs were further diluted on the day of the experiments with fresh SIF. Final concentration of ethanol never exceeded 0.1% Experimental paradigm. The effects of the MC-related mediators on the activity and mechanosensitivity of meningeal nociceptors was tested by applying the agents topically to the dural receptive field using a small piece of cotton soaked with approximately 40 µl of the tested agent. Individual neurons were tested with ascending doses of a specific MC mediator, with each dose applied for 1 trial (~15 min). In cases in which a certain dose was found to affect at least one parameter (threshold, suprathreshold or ongoing activity), the dura was washed for 15 min before the next dose was applied. To examine the duration of the response, in sensitized neurons recording was maintained for up 60 min during the last wash period. In cases when the highest dose was found ineffective in one trial, it was left for up to 1 hour in order to examine potential indirect effects of the agent This article has not been copyedited and formatted. The final version may differ from this version. JPET Fast Forward. Published on May 4, 2007 as DOI: 10.1124 at ASPET Journals on November 8, 2016 jpet.aspetjournals.org Downloaded from due to an inflammatory action in the dura. In most neurons only one agent was tested while in a few neurons two agents were tested. A second agent was tested only if no response was elicited by the first agent, and it was applied to the dura following at least 2 hours of a wash period. At the end of experiment, rats were euthanized with an intravenous bolus of 1 M KCl.
Data analysis.
Data are displayed as the median and interquartile range (IQR). For each neuron, an increase in threshold or suprathreshold responses, or ongoing discharge level was defined as an increase in firing rate that exceeded the mean plus two times the standard deviation (SD) of the baseline. Group comparisons were made between baseline and the various doses using the Friedman test. Post-hoc paired comparisons between the different doses and baseline were performed using a one-tailed Wilcoxon matched-pairs signed-ranks test. Effects were analyzed separately for A-delta and C-units. The level of significance was set at 0.05. The Mann Whitney U-test was used to analyze differences between the baseline mechanical threshold and spontaneous activity of the A-delta and Cunits tested.
Results
Population of units tested. Extracellular unit recordings were obtained from 69 mechanosensitive meningeal nociceptors in the trigeminal ganglion that were identified by their response to single shock stimulation of the dura overlying the ipsilateral transverse sinus. All neurons in this study exhibited mechanical receptive fields on the dura overlying or immediately adjacent to the ipsilateral transverse sinus or the caudal This article has not been copyedited and formatted. The final version may differ from this version. Table 1 .
Effects of Histamine.
The effect of topical application of histamine was examined in 9 A-delta and 10 C-units. Among the A-delta units tested only 2/9 units showed an increase in their threshold and suprathreshold responses while among the C-units tested 7/10 units were mechanically sensitized and both threshold and suprathreshold responses increased ( Fig 1) . Overall, histamine significantly increased threshold and suprathreshold responses only at the two highest doses tested. Histamine-induced mechanical sensitization was brief, with mechanical sensitivity returning to baseline values 15 minutes after wash with SIF ( Fig 1) . Histamine induced an increase in the ongoing activity rate only in 1/9 Adelta units tested but affected 6/10 C-units. Overall, the increase in ongoing discharge rate within the C-unit population was achieved only at the two highest histamine doses tested, was brief and always returned to baseline following 15 min wash with SIF. additional 30-45 min. Topical application of 5-HT also increased the ongoing discharge rate in 4/6 of the A-delta units and in 5/8 of the C-units. 5-HT increased the level of spontaneous activity only at the two highest doses in both the A-delta and C-units tested.
Effect
In all activated neurons the increased ongoing discharge rates remained elevated for at least 30 min during the last wash period.
Effect of PGI 2. The effect of the stable PGI 2 analogue iloprost was tested in 6 A-delta and 7 C-units. Overall, topical application of iloprost produced a significant increase in the threshold, but not suprathreshold responses in both the A-delta and C-unit populations ( Fig. 3 ). Among the A-delta units tested, 4/6 neurons had increased threshold responses while only 1/6 had increased suprathreshold responses. Among the C-units tested, 5/7 units had increased threshold responses while only 1/7 had increased suprathreshold responses. The lowest effective dose that promoted increases in threshold responses was 0.1 µM for the A-delta and 1 µM for the C-units. The sensitizing effect of iloprost was dose-dependent within both the A-delta and C-unit populations. In most sensitized neurons, threshold responses remained elevated for at least 30 minutes during the wash period. Iloprost also significantly increased the level of ongoing discharge in 3/6 A-delta and 5/7 C-units. The minimal dose that elicited this response was 100 µM for the A-delta and 0.1µM for the C-units. In all neurons in which iloprost promoted activation, the increased ongoing discharge rate, similar to the mechanical sensitization, persisted for at least 30 minutes during the last wash period. This article has not been copyedited and formatted. The final version may differ from this version. Effect of PGD 2 . The effect of PGD 2 was tested in 6 A-delta and 6 C units. Topical application of PGD 2 evoked minimal mechanical sensitization in 1/6 A-delta and 1/6 Cunits which lasted for only one trial (~15 min). PGD 2 also had a minimal effect on the level of spontaneous activity, in 1/6 C-units with spontaneous activity returning to baseline levels 15 min after wash. Overall there was no significant affect of PGD 2 on either the A-delta nor C-units tested (Fig. 4, left) .
Effect of LTC 4 . The effect of LTC 4 was tested in 6 A-delta and 5 C-units. Topical application of LTC 4 at all doses tested, and up to 1 hour of treatment did not affect the mechanosensitivity or the level of spontaneous discharges in any of the meningeal nociceptors tested (Fig. 4, right ).
Discussion
We have previously reported that dural MC degranulation can promote activation of meningeal nociceptors (Levy et al., 2007) . The results of the present study suggest that 5HT, PGI 2 , and to a lesser extent histamine may play a role in MC-dependent activation of meningeal nociceptors. In addition to nociceptor activation, we also show that these MC mediators can also promote mechanical sensitization of meningeal nociceptors.
Among all of the MC mediators tested in this study 5HT was the most potent one, promoting both activation and mechanosensitization of both threshold and suprathreshold responses in both the A-delta and C-unit meningeal nociceptor populations at a micromolar range. Our findings also suggest that the MC-derived eicosanoids PGD 2 and LTC 4 do not affect the response properties of meningeal nociceptors, at least at the doses and time course tested in the current study. Given that activation of meningeal nociceptors may contribute to the ongoing intracranial pain of migraine, and mechanical sensitization to its throbbing nature we propose that in conditions where MCs are activated during a migraine attack, 5HT, PGI 2 and histamine may play a role in promoting the intracranial headache of migraine.
Historically, histamine is considered the main effector molecule underlying MCrelated inflammatory actions (Metcalfe et al., 1997) . Clinical evidence suggests the involvement of histamine in migraine based on findings showing elevated histamine levels during migraine (Heatley et al., 1982; Haimart et al., 1987) , the ability of histamine infusion to trigger migraine-like headache by activating the H1 receptor (Lassen et al., 1995) , and the prophylactic effect of antihistamines in a subset of migraine patients (Rossi et al., 2003; Lewis et al., 2004; Togha et al., 2006) .
Previous electrophysiological studies conducted in visceral tissues including testis (Koda et al., 1996 ), heart (Nishi et al., 1977 , and airways (Matsumoto et al., 1992; Matsumoto et al., 1993; Riccio et al., 1996) have shown that histamine can excite polymodal nociceptors having both A-delta and C-unit CVs, likely through activation of the H1 receptor. The results of our studies, however suggest that histamine excites mainly C-unit meningeal nociceptors. Such preferential activation is reminiscent of the effect of MC degranulation on C-unit meningeal nociceptors (Levy et al., 2007) . We found that histamine also preferentially promotes mechanical sensitization of C-units, findings which are in agreement with its effect on testicular nociceptors (Koda and Mizumura, 2002) . Our study further showed that both the activation and sensitization mediated by histamine are short-lived suggesting that histamine alone may not be able to sustain the This article has not been copyedited and formatted. The final version may differ from this version. Although platelets are a major source of peripheral 5HT, significant quantities are also present in the granules of MCs, in both rodent and human (Metcalfe et al., 1997; Kushnir-Sukhov et al., 2007) . Previous studies conducted in humans and rats have shown that direct administration of 5HT promotes mechanical hyperalgesia (Jensen et al., 1990b; Jensen et al., 1990a; Taiwo et al., 1992; Taiwo and Levine, 1992) , an effect that is believed to be mediated by the activation and sensitization of nociceptors. However, previous electrophysiological studies have shown that although 5HT is capable of promoting relatively short duration excitation of high threshold A-delta and C nociceptive afferents innervating skin (Beck and Handwerker, 1974) , knee joint (Herbert and Schmidt, 1992), jejunum(Brunsden and Grundy, 1999) and colon (Blackshaw and Grundy, 1993a; Coldwell et al., 2006) it does not promote mechanical sensitization (Blackshaw and Grundy, 1993a; Coldwell et al., 2006) , unless the application of 5HT is preceded by local inflammation (Herbert and Schmidt, 1992; Coldwell et al., 2006) . In our study 5HT, being the most potent of all the MC mediators tested, promoted both activation and mechanosensitization in both the C and A-delta meningeal nociceptor populations. Overall, 5HT was slightly more potent in the C-unit population, eliciting 2001). We however, have shown that activation of this cascade promotes only mechanical sensitization in meningeal nociceptors without activation (Levy and Strassman, 2002a), suggesting that 5HT promotes excitation of meningeal nociceptors through a different receptor and/or signaling cascade. A recent study has shown that activation of the 5-HT3 receptor promotes an increase in firing rate in both A-delta and C-units (Zeitz et al., 2002) . However, 5-HT3 agonist does not promote mechanical sensitization (Taiwo and Levine, 1992) . Further studies are needed to examine which 5-HT receptors promote activation and sensitization in meningeal nociceptors.
We have shown recently that the migraine drug sumatriptan, an agonist at the (Mizumura et al., 1991) . Our results suggest that the PGI 2 sensitivity of meningeal nociceptors is similar to that of the knee joint with PGI 2 -mediated activation and sensitization of both A-delta and C-units. Given that the prostacyclin receptor (IP) is primarily coupled to activation of adenylyl cyclase, increased cAMP may a play in the mechanical sensitization elicited by the PGI 2 analogue Iloprost (Pitchford and Levine, 1991; Nakae et al., 2005) . However, the IP receptor may also be coupled to activation of phospholipase C (PLC) and increased intracellular calcium (Hayes et al., 1999; Lawler et al., 2001) which may play a role in eliciting meningeal nociceptor activation. PGD 2 , synthesized by the prostaglandin D2 synthase, is the major prostanoid secreted by MCs (Metcalfe et al., 1997) . Activation of visceral MCs has been shown to promote enhanced excitability of sensory vagal afferents, in part by promoting inhibition of a Ca 2+ -dependent K + current underlying post-spike hyperpolarization (AHP slow ) which controls repetitive spike firing (Weinreich and Wonderlin, 1987; Greene et al., 1988;  This article has not been copyedited and formatted. The final version may differ from this version. JPET Fast Forward. Published on May 4, 2007 as DOI: 10.1124 at ASPET Journals on November 8, 2016 jpet.aspetjournals.org Downloaded from Cordoba-Rodriguez et al., 1999) . The ability of PGD 2 to promote inhibition of AHP slow in vagal afferents (Greene et al., 1988; Cordoba-Rodriguez et al., 1999) suggests a potential role for this MC mediator in promoting sensitization of visceral sensory neurons. In our in vivo preparation of meningeal nociceptors we found however that PGD 2 had no effect on the response properties of most meningeal nociceptors. While our results are in discrepancy to those found in vagal afferents they are in agreement with other electrophysiological studies showing no, or minimal effect of PGD 2 on sensory dorsal root ganglion neurons (Rueff and Dray, 1993; Bley et al., 1998; Hwang et al., 2000) .
Although currently it is unknown whether nociceptive neurons expresses functional PGD 2 receptors (i.e DP 1 , DP 2 ), the lack of increase in cAMP levels in dorsal root ganglion neurons following exposure to PGD 2 (Smith et al., 1998) suggests that dorsal root, and trigeminal ganglion nociceptors may not express such receptors.
Although PGD 2 may be devoid of direct action on most meningeal nociceptors it has been shown to promote a rapid increase in vascular permeability (Woodward et al., 1993; Nishimura et al., 2001) and vasodilatation of meningeal arterioles (Ellis et al., 1979) , both of which have been suggested as putative mechanisms underlying vascular headaches such as that of migraine. Given that topical application of PGD 2 for up to 1 hour did not affect the responsiveness or ongoing activity of meningeal nociceptors it is questionable whether such PGD 2 -related inflammatory responses may promote headache.
Similar to PGD 2 , the cysteinyl leukotriene LTC 4 , another major MC-constituent has been shown to play a role in the excitatory action of MCs on vagal afferent neurons (Undem et al., 1993; Cordoba-Rodriguez et al., 1999) together with promoting plasma This article has not been copyedited and formatted. The final version may differ from this version. JPET Fast Forward. Published on May 4, 2007 as DOI: 10.1124 at ASPET Journals on November 8, 2016 jpet.aspetjournals.org Downloaded from extravasation in rat skin. (Morimoto et al., 1989) . LTC 4 however, does not affect the mechanosensitivity of airway afferents (Riccio et al., 1996) . In our current study we found that LTC 4 did not affect meningeal nociceptors even when applied at the highest dose and for up to 1 hour. Although there is evidence to suggest that leukotriene receptor modifiers, such as montelukast which blocks signal transduction through the leukotriene receptor CysLT1 (Funk, 2005) can serve as prophylactic migraine drugs (Sheftell et al., 2000) our results suggest that if LTC 4 , or its metabolites play a role in migraine precipitation, their action may not be mediated by promoting the activation or sensitization of meningeal nociceptors. This article has not been copyedited and formatted. The final version may differ from this version. nociceptors. On the left is shown the response of a C-unit that was sensitized following administration of 100µM 5HT to its dural receptive field. Note the increased responsiveness to mechanical stimulation at both the threshold and suprathreshold levels and the increase in spontaneous activity. Also note the persistence of the sensitization 45 minutes after wash with SIF. On the right, the median and interquartile range of the responses to mechanical stimuli and spontaneous activity level following local application of increasing doses of 5HT. Note the effect on both the A-delta and C-units. nociceptors. On the left is shown the response of a C-unit that was sensitized by application of 100µM PGI 2 to its dural receptive field. Note that while threshold responses and spontaneous activity were increased, the response to higher pressure suprathreshold stimuli did not change. Also note that sensitization was still maintained 30 min during the last washing with SIF. On the right, the median and interquartile range of the responses to mechanical stimuli and spontaneous activity level following local application of increasing doses of PGI 2 . Note the dose-dependent effect on the TH responses of the C-units and the lack of effect on the suprathreshold responses. * p<0.05, one-tailed Wilcoxon matched-pairs signed-ranks test compared to application of SIF. 
